We have analysed the distribution of CAG and adjacent polymorphic CCG repeats in the Huntingtin gene in 28 clinically diagnosed unrelated Huntington's disease (HD) patients and in normal individuals belonging to different ethnic groups of India. The range of expanded CAG repeats in HD patients varied from 41 to 56 repeats, whereas in normal individuals this number varied between 11 and 31 repeats. We identified six CCG alleles from a total of 380 normal chromosomes that were pooled across different ethnic populations of India. There were two predominant alleles: (CCG) 7 (72.6%) and (CCG) 10 (20%). We report here for the first time one four-repeat CCG allele which has not been found in any population so far. We found 30 haplotypes (two loci CAG-CCG) for 380 normal chromosomes. In the present study, no statistically significant preponderance of expanded HD alleles was found on either (CCG) 7 or (CCG) 10 backgrounds. Our studies suggest that the overall prevalence of HD in Indian populations may not be as high as in Western populations. Further studies are necessary to identify the origin of HD mutation in these populations.
Introduction
Huntington's disease (HD: OMIM 143100) is a progressive neurodegenerative autosomal dominant disorder associated with motor disturbance, cognitive decline and psychiatric manifestations which usually has late onset. 1 HD is caused by an expansion of (CAG) repeats, located within the coding region of the huntingtin gene on the short arm of chromosome 4. In normal individuals, the number of CAG repeats varies between 10 and 35. HD results when CAG repeats exceed 35 in number. 2 There is a wide variation in the prevalence of HD. In most countries of western Europe, United States and Canada, the prevalence is 5-10 affected persons per 100 000 individuals. 3, 4 On the other hand, a much reduced prevalence of HD has been observed among the Chinese, 5 Japanese, 6, 7 African Blacks 8 and Finnish populations. 9 Prevalence of HD among immigrants from the Indian sub-continent (Pakistan, Punjab and Gujarat) was estimated to be similar to what has been observed for European populations. 10 HD prevalence among ethnically diverse populations of India is unknown. Molecular basis of the differences in the prevalence of HD among various populations is unclear. For myotonic dystrophy, where CTG repeat in the 3' untranslated region of the myotonin protein kinase gene (DM-PK) undergoes expansion in patients, frequency of larger CTG repeats in the normal range is positively correlated with disease prevalence in populations from Africa and Israel. 11, 12 Similarly, prevalence of various dominant spinocerebellar ataxias (SCAs) is positively correlated with the frequency of larger CAG repeats in the normal range in Caucasian and Japanese populations. 13 A similar positive correlation between frequency of large alleles ( > 20 repeats) and HD prevalence has also been noted. 14, 15 These normal larger repeats are prone to expand to the disease range and are possibly a reservoir for expanded alleles. There is an interesting relationship, which is variable across major human morphological groups, between the CAG repeat numbers and another closely linked CCG repeat locus in the huntingtin gene. In Caucasian populations, large CAG repeat alleles, including those in the disease range, are strongly associated with (CCG) 7 , 15, [16] [17] [18] while in Mongoloid populations this association is with (CCG) 10 . 19 India represents one of the most ethnically and genetically diverse regions of the world. 20 Although there are reports of HD in India, no molecular genetic study on HD patients from Indian populations have so far been conducted. 21 In the present study, we report results of analyses of the CAG and CCG repeat distributions in 28 clinically diagnosed unrelated HD patients from eastern India and also in normal individuals belonging to different ethnic groups of India to determine the origin of HD mutation and to estimate the possible prevalence of the disease in Indian populations.
Materials and methods

Patient sampling
Patients visiting Bangur Institute of Neurology and Medical College Hospital, Calcutta and the Advanced Diagnostic Centre, Ranchi were identified and clinically examined by some of us. Blood samples were collected from the patients with appropriate consent. Patients and patients' relatives were interviewed to obtain family histories. Twelve patients had at least one affected first-degree relative.
DNA isolation and PCR amplification DNA was isolated from frozen blood samples of patients using a standard protocol. C1 and C2 primers were used to determine the CAG repeat length in the HD locus. 16 The amplified products were resolved on 6% denaturing polyacrylamide gel against allelic markers and positive controls of known sizes and hybridised with (CTG) 10 . Sizes of the allelic markers were determined by analysing on an ABI prism Genescan system using fluorescent-labelled C1 (TET-labelled) primer and also by silver staining of 8% polyacrylamide gel with appropriate DNA ladders. B1 and B2 primers were used to determine the CCG length. PCR conditions were the same as described by Andrew et al. 16 C1 and B2 primers were used to determine the length encompassing both the CAG and CCG repeats.
16
Population sampling Blood samples were collected from various ethnic groups of India with prior informed consent and DNA was isolated using a standard protocol. 22 The population samples were collected from the states of Orissa, West Bengal, Uttar Pradesh and Tripura. Of these, the Lodhas and Santals are Austro-Asiatic speaking tribals and the Tripuris are a TibetoBurman speaking tribal group. The remaining are IndoEuropean speaking caste populations at different levels of social hierarchy. Further details about the populations studied have been described by Majumder et al.
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Results
Analysis of CAG repeats in HD patients and normal individuals
Twenty-eight clinically identified unrelated HD patients (20 males and 8 females) were analysed for (CAG) n expansion at the HD locus. Age at presentation among affected individuals varied between 17 and 70 years. The range of the CAG repeat number on expanded HD chromosomes was 41-56, while the range of the normal allele on the homologous chromosome was 13-29 repeats. We noted an inverse correlation between age at presentation and CAG repeat number. In seven of the 12 HD patients with positive family history, the HD chromosome was derived paternally, while in the remaining patients it was maternally derived. CAG repeat size distributions are presented in Table 1 , separately for 12 ethnic populations as also for the pooled (n = 506) sample. Size of the CAG repeats ranged between 11 and 31. Altogether 16 alleles were found in the normal individuals, of which the 16 repeat allele was the most frequent in every population. The overall observed heterozygosity was 0.7; the variation across populations was 0.54 in the Tripuri (TR1) to 0.78 in the Bengali Brahmin (BR2). CAG repeat distribution in the pooled sample was positively skewed ( + 1.27). Maximum number of alleles (12) was found in the Bengali Brahmin (BR2) population, whereas minimum number of alleles (6) was found in two populations, Tanti (TA1) and Santal (SA1). The distribution of the CAG repeats in the pooled 506 chromosomes revealed that 7.5% (38 alleles) were in the > 20 repeat range. Alleles having CAG size of 32-36 repeats were not found in any population. In the Rajput (RA1) population, one 31 repeat allele was found which was the highest CAG repeat size in our study populations. In the Uttar Pradesh Brahmin (BR1) and Mahishya (MA1) populations, one 11 repeat allele was found which was the lowest CAG repeat size.
The mean CAG repeat size was found to be (16.8 ± 2.08) in the pooled set of 506 normal chromosomes. There was variation in the mean CAG size among the ethnic populations.
Distribution of CCG repeats in HD patients and normal individuals
We identified three CCG repeat alleles, repeat numbers 7 (83.9%), 9 (5.3%) and 10 (10.7%) in 28 HD patients.
In normal individuals, we identified six CCG alleles in 380 normal chromosomes. We found one 4 repeat CCG allele among the Lodha (LO1) which has not been found in any population so far. A representative photograph showing all the six CCG alleles is depicted in Figure 1 . The 7 repeat allele was uniformly the most frequent (pooled frequency = 72.6%) across populations. The 10 repeat allele was the next most frequent one (pooled frequency = 20%) in all the populations, except Santal (SA1), among whom the frequency of the 9 repeat allele was greater. In the Tripuri (TR1) population, the frequency of the 10 repeat allele was almost equal to the 7 repeat allele. Three 6 repeat alleles were found in the Tripuri (TR1) population which were absent in all other populations. The 8 repeat allele was absent in all the populations except in the Mahishya (MA1), Tanti (TA1) and
Study of HD in Indian populations
A significant finding is that 11 and 12 repeat alleles which have been found in Western populations, were absent in the study populations. Observed heterozygosity in the pooled set of chromosomes was 0.42.
Haplotype analysis
We could unambiguously determine 2-loci CAG-CCG haplotypes for 22 of the 28 patients who were either homozygous at the CCG locus or data were available from appropriate relatives. For the remaining 6 patients, we determined the haplotypes by using primers that span each individual tract of CAG and CCG repeats alone and comparing this result with PCR amplimers which were generated by using primers (C1 and B2) that span both adjacent repeats. The result shows that in three cases expanded CAG repeat was associated with (CCG) 10 and in 25 cases HD chromosome was associated with (CCG) 7 .
In normal individuals, we unambiguously determined the haplotypes for those who were homozygous either at the CAG or CCG locus. This method helped us to correctly determine CAG-CCG haplotypes in 282 normal chromosomes. We determined the phase in another 98 chromosomes by methods described above. Altogether, 30 haplotypes were found in this manner for 380 normal chromosomes (Table 2) . Haplotype (CAG) 16 -(CCG) 7 has the maximum frequency (0.337), whereas (CAG) 16 -(CCG) 10 has the second highest frequency (0.113).
We calculated the percentage of HD chromosomes associated with CCG allele sizes of 7 and 10 repeats and compared it with that of other published data 15, 19 (Table 3) . In Western populations, 94.4% of HD chromosomes were associated with 7 repeat CCG allele, whereas 5.6% were associated with 10 repeat CCG allele. In populations with low prevalence of HD (eg Chinese, Japanese, Blacks, Finnish), 38.9% of HD chromosomes segregated with 7 repeat CCG allele, while 61.1% segregated with 10 repeat CCG allele. In another report on Japanese populations, 84.5% of expanded alleles were associated with 10 repeat CCG allele. 19 In Indian populations, most of the HD chromosomes (89.3%) segregated with 7 repeat CCG allele, while 10.7% segregated with 10 repeat CCG allele. We also calculated the mean CAG repeat size on normal chromosomes with CCG repeat numbers of 7 and 10 respectively and compared our data with that of Western populations and populations with low prevalence of HD, eg Chinese, Japanese, Blacks, Finnish. 15 The mean CAG repeat sizes on chromosomes with CCG repeat of 7 were 19.3 ± 3.8 and 16.8 ± 1.5 in Western populations and populations with low prevalence of HD, respectively. In Indian populations the mean CAG size was found to be 17.1 ± 2.3 in this case. The mean CAG repeat sizes on chromosomes with CCG repeat of 10 were 16.7 ± 2.5 and 16.2 ± 1.9 in Western populations and populations with low prevalence of HD, respectively. In Indian populations the mean CAG repeat size was found to be 16.4 ± 1.2 in this case.
Discussion
Analysis of the CAG repeat locus among 28 unrelated clinically diagnosed HD patients from the eastern part of India showed that the range of expansion of CAG repeats was between 41 and 56 in the huntingtin gene. The smallest size of the CAG repeat which causes HD is not defined precisely. In Western populations and in the Japanese, the lowest number has been reported to be around 37. In our study, the smallest size of the CAG repeat is found to be 41. The ranges of the expanded repeat in HD was similar to those obtained in other populations.
2,4,19
We have found an inverse correlation between the age at presentation and CAG repeat expansion in HD patients which is consistent with earlier findings from Caucasian and Japanese populations.
Distribution of CCG repeats in the pooled data is similar to that noted in previous studies. 15, 16, 19 We have observed for the first time one (CCG) 4 repeat allele. We did not observe any 11 and 12 repeat CCG alleles which, however, have been found in Caucasian populations. In Caucasian HD patients, the expanded alleles were strongly associated (94.4%) with (CCG) 7 allele, while in normal populations the frequency of (CCG) 7 was 67.8%. 15 In the Japanese populations, 84.5% of the expanded alleles were associated with (CCG) 10 and in normal populations, this frequency was 37.3%. 19 This difference was explained by the difference in the origin of ancestral lineages of the two groups. Masuda et al proposed that HD mutation observed in the Japanese could be a new mutation that occurred after migration from western Europe.
19 Thus, it is unlikely that there is preferential expansion of CAG repeats on (CCG) 7 chromosomes as was proposed by earlier workers. [16] [17] [18] Squitieri et al have shown association between CAG repeat size on normal chromosomes with the frequency of HD. 15 According to their study, CAG size on normal chromosomes of African Blacks (mean = 16.2 ± 2.5), Chinese (mean = 16.4 ± 1.5), Japanese (mean = 16.6 ± 1.3) and Finnish (mean = 17.1 ± 1.8) populations (countries with low prevalence of HD) have been found to be smaller compared to Western populations (mean = 18.4 ± 3.7) where the prevalence rate is higher. Mean CAG repeat size varies in our study populations from 15.9 ± 1.21 to 17.9 ± 2.95. In the pooled data, this value is 16.8 ± 2.08, which is close to the frequency observed in African and Oriental populations. At the same time, Squitieri et al have also suggested that there is a variation in the distribution of CAG size on normal chromosomes of different ancestries. 15 They have found fewer numbers of chromosomes with > 20 CAG repeats in populations with lower prevalence of HD compared with Western populations. In Indian populations, 7.5% (38 alleles) were in the > 20 CAG repeat range which was lower compared with Western populations as found by Squitieri et al. It thus appears that overall prevalence of HD in Indian populations is expected to be low, even though there may be variation across ethnic groups. It is interesting to note that one of the two Austro-Asiatic speaking tribal populations (Santal and Lodha) had the lowest mean CAG repeat size and does not have large normal alleles greater than 18 CAG repeats. It has recently been proposed that these Austro-Asiatic speaking groups moved to India from Africa and settled 60 000 years ago. 23 Our studies on CTG repeat variation in these populations in the DM-PK gene (Basu et al) (submitted) and CAG repeat variation in the huntingtin gene (present manuscript) support this notion.
